Ultrashort laser pulses have been used to study the effect of circularly polarized light on spins in the ferrimagnetic metal GdFeCo. By turning the sample into a multidomain state and thereby suppressing the observation of the heating effect of light, we have been able to demonstrate an ultrafast nonthermal excitation of spin waves with a phase that depends on the angular momentum of the photons. These results demonstrate the possibility of ultrafast coherent control of the magnetization in this metallic system. DOI The strongly nonequilibrium conditions developed in magnetic materials following excitation by intense femtosecond laser pulses represent a subject that has attracted continuous growing interest over the last two decades [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] . However, due to this strong nonequilibrium, the conventional description of magnetic phenomena in terms of thermodynamics is no longer valid. As a result, the ultrafast channels for transferring energy and angular momentum between photons, electrons, spins, and phonons remain elusive and a subject of debate [1] .
In metallic magnets, the absorbed ultrashort laser pulses excite collective modes (plasmons) and electron-hole pairs (quasiparticles) within tens of femtoseconds, which acquire a large kinetic energy far above the Fermi level [2, 3] . The quasiparticles then thermalize to a hot FermiDirac distribution due to electron-electron, hole-hole, and electron-hole scattering processes, on a time scale of a few hundred fs [2] . During this thermalization time an ultrafast demagnetization may occur [4] . This process is followed by a quasistatic equilibrium at which the spins follow the electronic temperature [5] . Subsequently, the electronphonon interaction leads to an increase of the lattice temperature while the electrons cool down (t < 2 ps) [6] . Throughout this Letter, the above described processes will be referred to as heat-driven effects. Surprisingly, it has been reported that laser excitation of a magnetic metallic film may lead to a demagnetization of the material within 50 fs, thus much faster than the typical spin-spin and spin-phonon characteristic times [7] . Furthermore, it has recently been demonstrated that light can excite the metallic spin system also before electron thermalization, via excitation of coherent optical phonons [8] . Such intriguing observations raise fundamental questions about the mechanisms responsible for the ultrafast optical excitation of spins in metals.
In this context it has been suggested that in a metallic magnet, photons may also excite spins nonthermally via an ultrafast interaction between the angular momentum of the photons and the spin system [9] . However, it has been noted that the number of photons involved in real experiments is too low to support such ultrafast action of the angular momentum on the spin system in metals, based on the transfer of photon angular momentum via absorption [10] . Indeed, several attempts to detect an ultrafast effect of the light helicity in ferromagnetic metals such as Ni and other transition metals have remained unsuccessful [11] [12] [13] and heat-driven effects of light were found to dominate in all these experiments.
In this Letter we demonstrate that via careful tuning of the conditions in all-optical pump-probe experiments, in particular, turning the sample into a multidomain state, it is possible to minimize the observation of the usually dominating heat-driven effects of light on the magnetization in the metallic ferrimagnet GdFeCo. Consequently, an ultrafast nonthermal interaction mechanism between photons and spins is revealed where the phase of the excited spin wave is given by the photon angular momentum. The ultrashort laser pulse acts on the ensemble of strongly correlated spins as a magnetic field pulse [14, 15] . It is suggested that this optomagnetic mechanism takes place not by absorption of the angular momentum of the photons but via a Raman-like coherent optical scattering process. Therefore, it does not require annihilation of photons. It follows that one single photon can effectively interact with more than one spin, in this way yielding an efficient interaction between photons and spins.
The material chosen for this study was the ferrimagnetic alloy GdFeCo, grown by magnetron sputtering in the following multilayer structure: glass=AlTi10 nm= SiN5 nm=Gd 22 Fe 74:6 Co 3:4 20 nm=SiN60 nm.
The AlTi layer serves as a heat sink. The GdFeCo layer is an amorphous alloy characterized by a strong perpendicular anisotropy and a Curie temperature of about 500 K.
Laser induced spin dynamics was investigated using a pump-probe technique. We have applied an external and nearly in-plane magnetic field H e and excited the ferrimagnetic film by circularly polarized 100 fs laser pulses of 0.87 eV photon energy from an amplified Ti:sapphire laser with a repetition rate of 1 kHz. A less intense linearly polarized probe beam of the same energy was used to detect the changes in the magnetic system induced by the pump via measurements of the magneto-optical Faraday effect. The pump and probe beams had an intensity ratio of about 100. At nearly normal incidence, the beams were focused on the sample to a spot of 200 m diameter for the pump and somewhat smaller for the probe beam. The present geometry is sensitive to the out-of-plane component of the magnetization, M z . The measurements were performed at room temperature.
The laser fluence used in our experiments to excite coherent precession of the magnetization in GdFeCo [16] was relatively high (about 2 mJ=cm 2 ). Hence, heat-driven effects of light on the magnetic order in the metallic ferrimagnet GdFeCo could be very strong. In order to suppress the observation of such heating effects and thus to allow observation of nonthermal effects, we used the concept of turning the sample into a multidomain state.
As shown in Fig. 1 , the initial magnetic state of our sample is a single domain state. The application of an outof-plane field of opposite orientation with respect to the magnetization would reverse the magnetization via a few large ( > 100 m) domains, while the simultaneous presence of an in-plane external magnetic field results in the nucleation of a large numbers of small domains [21] , with sizes much smaller than the probe area (see Fig. 1 ). Because of the coercivity, these magnetic domains are sufficiently stable in time and thus suitable for the stroboscopic pump-probe experiments. The balance between magnetocrystalline anisotropy field H a , shape anisotropy field H s , and external field H e creates an initial state for these experiments such that the magnetization in each of the domains will be tilted [see Fig. 2(a) ]. Laser-heating excitation of such a sample induces locally a change of the magnetocrystalline and shape anisotropy due to heating. This leads to a change of the equilibrium orientation for the magnetization and triggers a precession of the magnetic moments of the domains. These precessions proceed in such a way that the z components of the magnetization in oppositely oriented domains (like M 1 and M 2 in [ Fig. 2(b) ]) always oscillate out of phase. Since the probe beam is averaging over a large number of such oppositely oriented domains, the heat-driven effect of light on the magnetization is effectively averaged out in the Faraday signal by achieving
, where the sums are taken over all the domains within the probed area. Experimentally, the optimum cancellation is achieved by adjusting the external magnetic field H e .
The results of these time-resolved measurements of the magneto-optical Faraday effect for rightand lefthanded ÿ circularly polarized pump pulses at different H e are shown in Fig. 3 . The variation of the magnetooptical signal F representing the oscillatory behavior of M z was plotted relative to the total Faraday rotation of the sample F . On the scale of 500 ps one can clearly distinguish two different processes. At zero time delay, instantaneous changes of the Faraday rotation are observed that result partly from ultrafast demagnetization and partly from changes of the magnetocrystalline anisotropy [6] . These instantaneous changes of the Faraday rotation are followed by oscillations with a frequency of about 7 GHz, which can clearly be ascribed to precession of the magnetization [16] . The strong damping observed can be understood as a result of the averaging over the many domains. Figure 3 shows that the difference between the magnetooptical Faraday signal for right-and left-handed excitation strongly depends on the external applied field H e . At H e 0:172 T the and ÿ pump pulses excite precession of opposite phase. Because the phase of the spin precession is given by the angular momentum of the exciting photons, this observation provides a first indication of an optomagnetic effect in the metallic ferrimagnet GdFeCo. An alternative interpretation of this observation including independent sublattice magnetization dynamics can not be valid. This is because far from the ferrimagnetic compen- sation point (as is the case for the present experiments), GdFeCo behaves as a simple ferromagnet (see [16, 17] ). In order to better separate this optomagnetic effect from the heat-driven one, we have calculated the sum and the difference of the magneto-optical signals resulting from excitation with and ÿ pump pulses. While the sum of the magneto-optical signals shows the helicity independent heat-driven effect of light on the magnetization M heat F ÿ F , the difference corresponds to the optomagnetic effect M opto F ÿ ÿ F [11] . The results of the thus analyzed experimental data are plotted in Fig. 4 . In the optomagnetic signal [ Fig. 4(a) ] one can identify an instantaneous change in F after excitation. Although the origin of this instantaneous change is the demagnetization, which is a heat-driven effect, its observation here is a result of the optomagnetic effect. More specifically, the and ÿ pump pulses act on the magnetization in opposite directions resulting in different projections of the demagnetization process on the k vector of the probe beam. This will indeed lead to the observation of a step in M opto as observed in Fig. 4(a) . As the strength of H e increases, the magnetization is pulled towards the plane of the sample and this difference is gradually reduced. It can also be seen that the sign of the optomagnetic effect does not depend on the value of H e while the heat-driven one [ Fig. 4(b) ] is characterized by a strong field dependence and changes sign at H e 0:172 T. Since the amplitude of the heat-driven effect is strongly reduced at H e 0:172 T, it is clear that around this point the averaging out of the heating effect in the Faraday signal is most efficient, allowing the observation of the optomagnetic effect as was shown in Fig. 3 . By finetuning of the external field one may balance the magnetic domains more precisely and thus suppress the observation of the heat-driven effect completely. At a laser fluence of 2 mJ=cm 2 , the ratio M opto =M heat was estimated to be about 0.21 [22] .
The observed optomagnetic effect can be described under the assumption that the effect of the laser pulse on the magnetic system is equivalent to the action of an equally long (100 fs) magnetic field pulse H F directed along the wave vector of light [14, 15, 18] . This effective field pulse along the z axis triggers a precession of the magnetization, but now the z components of M 1 and M 2 oscillate in phase, in contrast to the heat-driven effect where the z components of the magnetization in the two opposite domains oscillate out of phase (see inset Fig. 4) . As a result, the optomagnetic effect can be detected.
This optomagnetic effect is suggested to be due to the inverse Faraday effect [23, 24] , which can phenomenologically be described as an axial magnetic field
where E! and E ! are the electric field of the light wave and its complex conjugate, respectively; is the magneto-optical susceptibility. Equation (1) indicates that the axial magnetic field is induced by circularly polarized light along its k vector. In addition, the sign of this induced field depends on the helicity of light [14, 15, 19] . M heat and M opto separate two completely different effects which are coexisting in this metallic system, following laser excitation. While the heat-driven excitation is based on the absorption of light, the inverse Faraday effect is due to the ultrafast interaction of the photon angular momentum with the magnetic system, taking place via a Raman-like coherent optical scattering process [14, 18, 25] . Thus, this optomagnetic mechanism does not require annihilation of a photon. Instead, the photons stimulate the transfer of the required angular momentum from the lattice to the spins. As the energy loss per scattering event is very small (@! magnon photon energy), one single photon can effectively interact with more than one spin, explaining the efficiency of this effect for metallic materials. It is observed from Eq. (1) that the strength of the effective magnetic field H F depends on the laser fluence. Although in our experiments we used a relatively high laser fluence for a metallic magnetic material (2 mJ=cm 2 ), this is still low compared with the experiments on nonabsorbing dielectrics (e.g., 60 mJ=cm 2 [18] ) where a strong optomagnetic effect was observed. Therefore, the usual experimental conditions on metallic magnets, of low laser fluence in addition to a strong heat-driven effect, require a special technique for the detection of ultrafast optomagnetic effects, as was shown here. On the other hand, under the proper conditions, the effect of the angular momentum can be fully exploited [26] . We believe that the observation of the inverse Faraday effect in a metallic magnet together with the previously reported observation of this effect in orthoferrites [14, 19] and garnets [15] indicate that this mechanism does not rely on specific material properties but is a general phenomenon (see also [20] ). Thus, it must also occur in ferromagnetic materials such as Ni.
In conclusion, by using an all-optical pump-probe setup and turning the GdFeCo alloy into a state with small magnetic domains, we have been able to average out the laser induced heating effects in the Faraday signal. Consequently, we have observed that photoexcitation with right-and left-handed circularly polarized laser pulses results in spin precessions of different phase. This observation clearly demonstrates that in the metallic ferrimagnetic alloy GdFeCo an ultrafast nonthermal coupling between spins and the angular momentum of photons exists.
